The process by which cylindrical rods of soft solid paste extrudate are converted into round 52 pellets on a spheronsier (Marumeriser) plate was studied by interrupting spheronisation tests 53 and measuring the size and shape of the pellets. Batches of 20 identical rods (20 mm long, 3 54 mm diameter) generated by ram extrusion of 47 wt% microcrystalline cellulose/water paste 55 were spheronised at rotational speeds, , between 1200 rpm and 1800 rpm on a laboratory 56 spheroniser. The time to complete spheronisation was found to scale with  -3.6 , which was 57 close to the  -3 dependency predicted by a simple collision model. Breakage occupied the 58 first 10% of the process duration: rounding off was the rate determining step. The evolution of 59 pellet shape was classified into five stages, the duration of which was found to scale with 60 spheronisation time. Pellet shape, quantified by aspect ratio, circularity, shape and angularity 61 factors presented by Sukumaran and Ashmawy (Géotechnique, 2001, Vol 51, 1-9), showed 62 similar behaviour for all  studied. A phenomenological model is proposed which identifies 63 different routes for small and large rod breakage products. 64 65
The time taken to complete spheronisation, t end , at a given rotational speed was determined 209
initially by trial and error, running a test until all the pellets were spherical or nearly spherical 210 as judged by eye. This was checked by measuring the shape distribution of the pellets 211 afterwards, as described below. The shape factors obtained indicated that the pellets had 212 attained values close of those of a sphere by the time spheronisation was judged by eye to be 213 complete. Tests were subsequently run for shorter times, halted, and the pellets removed for 214 size and shape analysis. A fresh batch of rods was used for each stopping time, t s . The 215 stopping times were selected to give similar values of the dimensionless stopping time, t* = 216 t s /t end . Some tests were repeated in order to establish reproducibility: this was generally good, 217 unless the relative humidity level was low as this resulted in pellets drying out, becoming 218 harder and not rounding as readily. 219 220
Pellet characterisation 221
At the end of each spheronisation test the batch was weighed and all the pellets were gently 222 sieved using a 2 mm mesh to remove any fines present, in order to simplify the pellet shape 223 analysis. The pellets were placed on a black base and photographed using a digital camera. 224
The images were analysed using ImageJ (National Institutes of Health, USA) and Matlab The major axis is the longest chord, passing through the centroid of area, connecting two 232 -8 -points on the projection, while the minor axis is the chord normal to the major axis. The 233 aspect ratio is of limited use in describing shape (Bouwman et al., 2004) The internal angles, β i , on the discretised pellet give a measure of the pellet angularity which 261 can be defined quantitatively using the number and sharpness of the corners of the pellet. The 262 angularity factor, AF, is then calculated using the following relationship which is normalised 263 such that AF for a sphere is zero and AF of a cross or a four-pointed star is 100%: 264 The density and voids distribution of a selected set of pellets were studied using X-ray 276 microtomography. The pellets were dried at 60ºC under 0.2 bar vacuum for 24 h and imaged 277 using a Skyscan 1172F system (Bruker, Kontich, Belgium) with a 20-100 kV X-ray source. into shorter rods and dumb-bells appear. As spheronisation proceeds, the number of dumb-306 bells decreases and ellipsoids (egg-shaped pellets) become dominant (after 88 s, t* = 0.30). 307
Rounding of the ellipsoids follows and takes a relatively large fraction of the spheronisation 308 time (~66%). It should be noted that each photograph represents a separate experiment. 309
310
The dominant pellet shape was assessed visually and five stages of shape evolution were 311 identified as I -rods; II -dumb-bells (early stage, with visible cap formation); III -dumb-312 bells (later stage, with caps approaching or closing); IV -egg-shape; and V -spherical 313 (spheroidal). Whilst subjective, these classifications gave a simple categorisation scheme. The 314 time over which each shape was dominant is recorded in Table 1 for the four spheronisation 315 speeds studied in detail. The time at which rods and dumbbells were no longer seen is also 316 reported. The dimensionless times, i.e. t* = t/t end , corresponding to the stage boundaries and 317 the disappearance of rods and dumb-bells show markedly good agreement. There is some 318 variation in values, resulting from the coarseness of the times assigned to terminate the test 319 and the uncertainty in t end . 320
The agreement between the four data sets when time is scaled in this manner is an important 322 result and has not, to the authors' knowledge, been reported before. It is also evident in 323 subsequent plots (e.g. Figures 7 and 10 ). This finding suggests that the collision model in the 324
Appendix provides a rational basis for understanding spheronisation and supports the 325 fundamental studies of plastic deformation described by Sinka (2010 Sinka ( , 2011 . 326
327
The fines generated by breakage during spheronisation are not shown on Figure 5 . The 328 amount of fines could not be measured accurately as some material was lost to the machine 329 internals, falling in the gap between the friction plate and the wall, and evaporation resulted in 330 some moisture loss to the environment. The total amount lost was measured by difference and 331 the results for tests at  = 1200, 1400 and 1800 rpm are presented in Figure 6 . The data set for 332 = 1600 rpm were subject to a calibration error and are not reported. The Figure shows a 333 sharp initial step and increase for all three data sets up to t* ~ 0.15, and a steady level up to t* 334 ~ 0.70. The early increase is consistent with the rod breakage and initial rounding stages 335 evident in Figure 5 and t* for rod disappearance in Table 1 . The plateau behaviour suggests 336 that further fines are not generated in the rounding stages. The = 1200 rpm data set show a 337 steady increase rather than approaching a plateau and this could be due to evaporation at 338 longer times. This aspect can be investigated further in future work. 339 340 Rod breakage to create smaller pellets was quantified by counting the number of pellets 341 retained on the 2 mm mesh sieve, N p . t* is plotted on a logarithmic scale so that the initial 342 changes can be seen more easily. spheronisation at the four speeds tested in detail. N p changes rapidly initially and reaches a 344 steady value by t* ~ 0.15 for each speed, indicating that rounding, rather than breakage, is the 345 rate controlling step in these spheronisation tests. The period from 0 < t* < 0.15 is also that 346 when fines generation, inferred from the mass loss data in Figure 6 , is greatest. These results suggest that breakage could be modelled using population balance techniques 405 such as those developed for agglomeration processes (e.g. Hounslow et al., 2001 ) but the 406 simultaneous evolution of particle shape after t* ~ 0.1 constitutes an important mechanistic 407 step that is not included in existing agglomeration models. 408
409
The evolution of pellet shape at  =1200 rpm is presented as trajectories in AR-C space in 410 Figure 9 . Each datum represents an individual pellet and the symbol shape denotes the time 411
step. Also shown on the plots are the boundaries between the different stages in shape 412 evolution in Table 1 : the AR and C co-ordinates correspond to the mean values of each 413 parameter at the boundary t* values in Table 1 . This assignation is somewhat subjective, as 414 there is always a range of pellet shapes at a given time, but it serves to monitor the general 415 trend in shape evolution. Given that the stage II/III transition is reached by t*~ 0.15, these 416 plots emphasise that the pellets move through the breakage phases quickly and spend most of 417 the time in the spheroniser being rounded off. 418
419
The AR-C plots for all four speeds studied in detail exhibited the same trend, in that the data 420 The approach taken here, of starting with a set of identical rods, has allowed the mechanistic 479 steps to be elucidated. There was no evidence supporting the rod twisting mechanism, Model 480 B, in these experiments. Twisting could arise in larger beds of moving particles and this could 481 be investigated using larger batch sizes. Twisting could also be absent because the paste, 482 being stiff, is prone to breakage rather than twisting: tests with different paste rheology would 483 be needed to explore this further. Rod breakage is a key step as it dictates the size of the sub-484 rods: if these are larger, they can undergo further breakage and/or form dumb-bells, while it is 485 postulated that small sub-rods can be rounded directly into spheres. 
Conclusions 506
The mechanism by which rod-shaped extrudates transform into spheroidal pellets has been 507 studied by monitoring the change of pellet dimensions and shape over the course of a 508 spheronisation operation. The results indicate that the same mechanisms operate over the 509 range of spheroniser rotational velocities studied here, except where drying promotes 510 hardening of the paste over the course of the experiment. 511 512 Evolution of pellet shape was classified into five stages. The time spent in each stage was 513 found to scale with the length of time to complete spheronisation across the range of 514 rotational speeds,  studied. The time to complete spheronisation depended on  -3.6 , which is 515 close to the dependency given by a simple collision model. 516 517 Rod breakage is a relatively fast process: rounding off proved to be the rate determining step. 518
Whereas short rods tended to be rounded directly to spheroids, long rods tended to pass 519 through a dumb-bell stage, in which fines can play an important role. 520 521
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Assuming that the rate at which pellets collide with the spheroniser walls is analogous to the 540 rate of particle collisions in the perfect gas model, i.e. the collision rate  V, then the number Figure 8 Histograms showing evolution of (a) aspect ratio and (b) circularity at 1200 rpm.
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